Urinary tract malformations, obstructive uropathy, and hypoplasia/dysplasia are extremely important in terms of pediatric health care costs, with end-stage renal failure in children estimated to cost >$15 billion annually in the United States alone. Even so, little is known regarding the mechanisms that control these processes. Identified was a unique mutant mouse model that develops in utero megabladder, resulting in variable hydroureteronephrosis and chronic renal failure secondary to obstructive uropathy. These animals, designated mgb for megabladder, possess a primary defect in bladder smooth muscle development that is apparent by embryonic day 15. The mgb mouse represents an excellent model for the study of normal and pathogenic bladder development, including the postnatal progression of chronic renal failure that results from the development of in utero obstructive uropathy.
F
etal megabladder is a severe condition that has been shown to be associated with chromosomal abnormalities in 20 to 50% of the cases (1) . Megabladder may present secondary to both partial and complete obstruction or to nonobstructive causes, including neurogenic and myopathic mechanisms (2, 3) . The most common cause of obstructive megabladder is posterior urethral valves, whereas myopathic megabladder is observed in megacystis-microcolon-intestinal hypoperistalsis syndrome, prune belly syndrome, and the development of bladder smooth muscle tumors. Congenital uropathies that cause in utero obstruction that leads to abnormal bladder development also have the potential to produce hydroureteronephrosis, renal impairment, and death. This direct link among bladder development, bladder function, and renal outcome represents a central paradigm of urogenital pathogenesis. That many of these changes are irreversible, especially when they occur in utero, may explain why a significant number of patients with outlet obstruction do not have complete recovery of bladder and/or kidney function after clinical intervention (4 -6) .
At this time, few functional models exist for the study of urogenital development and pathogenesis. In this study, we report the identification of a unique mutant mouse model that develops in utero megabladder that results in variable hydroureteronephrosis and renal insufficiency secondary to obstructive uropathy. Bladder smooth muscle defects are evident as early as embryonic day 15 in both genders of affected mice, with male mice exhibiting a more severe phenotype as development proceeds. These mice, designated mgb for megabladder, represent an excellent model for the study of normal and pathogenic bladder development and function, including the postnatal progression of chronic renal failure that results from in utero obstructive uropathy.
Materials and Methods
Mice FVB/N zygotes received a microinjection of a DNA construct that consisted of the coding sequences for the bovine sodium myoinositol co-transporter gene (Slc5a3) inserted between an ␣A-and ␣B-crystallin chimeric promoter (7) and SV40-derived intron and polyadenylation sequences from the lens crystallin vector CPV2 (8) . DNA was injected and founder mice were identified as described previously (9, 10) . Mice were maintained according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Initial characterization of the mgb mouse phenotype was performed by the Mouse Phenotyping Shared Resource (The Ohio State University), including survey radiographs, complete clinical chemistry, hematology characterization, and gross and microscopic examination of more than 40 tissues.
Morphology, Immunohistochemistry, and In Situ Hybridization
Embryos/tissues were isolated from mice with tail samples removed for genotyping. Specimens were processed in the Biomorphology Core using standard procedures (Columbus Children's Research Institute). The primary antibodies used in this study included ␣-smooth muscle isoactin diluted 1:100 (DakoCytomation, Carpinteria, CA), SMa22 di-luted 1:20 (Novocastra Laboratories Ltd., Newcastle, UK), laminin diluted 1:30 (Sigma-Aldrich, St. Louis, MO), uroplakin diluted 1:50 (Fitzgerald Industries Int., Flanders, NJ), calponin diluted 1:500 (SigmaAldrich), and serum response factor (SRF) diluted 1:100 (Santa Cruz Biotechnology, Santa Cruz, CA). All antibodies were used according the conditions outlined by the suppliers. Detection of apoptotic cells was performed using the FragEL DNA Fragmentation Detection Kit as outlined by the supplier (Calbiochem, San Diego, CA). Radioactive in situ hybridization using 35 S-UTP radiolabeled riboprobes against Patched 1 receptor (Ptc1) (11) was performed on paraffin-embedded sections from embryonic day 13.5 (E13.5) and E15.5 mutant and control embryos as described previously (12) . At least five or more mice of each genotype were examined for each antibody/stain/in situ discussed above.
Isolation of an MLR19-Positive BAC Clone
An MLR19 transgene-positive BAC clone, BAC5-4-E11-4, was isolated from an mgbϪ/Ϫ BAC genomic library that was commercially constructed using the pIndigoBAC-5 vector and screened by Bio S&T (Montreal, QU, Canada). Sequencing of the 100-kb BAC5-4-E11-4 insert was performed by the Sequencing Core Facility (Columbus Children's Research Institute) using standard techniques. Sequence was read using ABI Prism 31 30ϫ1Genetic Analyzer (Applied Biosystems, Foster City, CA), and analysis was done through BLAST and MacVector 8.0.2 (Accelrys Software, San Diego, CA).
Fluorescence In Situ Hybridization Analysis
Fluorescence in situ hybridization analysis was performed with an MLR19 transgene-positive BAC clone using standard techniques in the Molecular Cytogenetics Core at The Ohio State University. Briefly, bone marrow was aspirated from the femur of transgenic and wild-type mice and grown overnight in RPMI medium supplemented with 15% FBS. Cells were harvested using standard cytogenetics methods and stored in Carnoy's fixative at Ϫ20°C. BAC DNA for fluorescence in situ hybridization analysis was isolated using the Spin Doctor BAC Prep kit according to the conditions outlined by the supplier (Gerard Biotech, Oxford, OH). BAC probes were labeled with Spectrum Orange, Spectrum Green, or Spectrum Aqua using a nick translation kit according to the manufacturer's recommendations (Vysis, Downer Groves, IL). BAC DNA was combined with mouse Cot-1 DNA, ethanol precipitated, resuspended in hybridization buffer (Sigma), and denatured. Probes were applied to fresh denatured slides, and hybridization was carried out overnight at 37°C. Slides were washed in 2ϫ SSC/0.1% NP-40 for 5 min at 42°C. Fluorescence signals were viewed with a Zeiss Axioscope 40 microscope and analyzed with the Applied Imaging System (Zeiss, Thornwood, NY). For G-banding pattern, the fixed cell suspension was dropped onto precleaned, warm, wet slides. The slides were aged at 90°C for 1 h, banded with trypsin, and stained with Wright's stain. Banded metaphase chromosomes were analyzed as described previously.
PCR and Genotyping
DNA was isolated using the Spin Doctor Genomic DNA Isolation kit according to the manufacturer's protocol (Gerard Biotech). Primers 5Ј-GCATTCCAGCTGCTGACGGT-3Ј and 5Ј-CGCCCCGCCAAGAAG-TATCCA-3Ј were used to identify mgb transgene-positive mice via amplification of a 487-bp band at 95°C for 5 min (95°C for 30 s, 57°C for 30 s, and 72°C 60 s) ϫ 30 and 72°C for 10 min. Gender was identified using primers 5Ј-TGAAGCTTTTGGCTTTGAG-3Ј and 5Ј-CCGCTGC-CAAATTCTTTGG-3Ј as described previously (13) . PCR product was confirmed by DNA gel electrophoresis.
Real-time PCR genotyping was performed using primers 5Ј-CAAC-CGACTCTGCATTCATCTC-3Ј and 5Ј-CTCCAGTACAGCCCTCAT-GTTTG-3Ј specific for the mgb MRL19 transgene with the probe 6FAMAAGCTTGATATCGAATTCMGBNFQ. Glucagon was used as an internal control with primers 5Ј-CACAACATCTCGTGC-CAGTCA-3Ј and 5Ј-ATCTGCATGCAAAGCAATATAGCT-3Ј using the probe VICTGGGATGTACAATTTCAAMGBNFQ. Concentration for primers and probes were 18 and 5 M, respectively. Reactions were performed in triplicate with 20 ng of DNA and TaqMan Universal PCR Master Mix, No AmpErase UNG using the ABI Series 7500 (Applied Biosystems). Reaction conditions were 95°C for 10 min (95°C for 15 s, 60°C for 60 s) ϫ 40. Data were analyzed using ABI 7500 System Sequence Detection Software Version 1.2.3 (Applied Biosystems).
Fluid Studies and Cystometry
Urine output and water intake were monitored for 24 h using the Metabolic Cage System for Rodents (Harvard Biolabs, Cambridge, MA). For cystometry, mice were sedated using inhaled isoflurane, and ultrasound imaging was performed with a broadband high-frequency linear transducer (12 to 5 MHz) using a Philips HDI 5000 optimized for small parts imaging (Philips, Bothell, WA). Bladders were aspirated under ultrasound guidance to determine urine volume. Iodinated contrast media (Optiray 240; Ioversol Mallinckrodt, St. Louis, MO) was instilled by gravity from a height of 30 cm. Filling was monitored by intermittent fluoroscopy and halted when spontaneous voiding occurred.
Statistical Analyses
Mice were anesthetized with inhaled isoflurane, and 100 to 200 l of blood was collected from the periorbital sinus. Serum was separated by centrifugation at 8000 rpm for 10 min at 23°C and analyzed by the Mouse Phenotyping Core (The Ohio State University) for renal panel and blood chemistry using a Hitachi 911 Automatic Analyzer (Boehringer Mannheim, Indianapolis, IN). Serum electrolyte levels were determined using a Nova 8 CRT. Individual blood test results were compared with the median of the corresponding same-gender wildtype results, and the magnitude of the log2 ratio was used to measure the individual degree of abnormality. An exact upper-tailed Wilcoxon rank-sum test was used to determine whether the abnormality measures were elevated significantly relative to the corresponding samegender wild-type mice. Individual blood chemistry values were considered significant when the NLP value exceeded 2.3 or P ϭ 0.005.
Results

Identification of a Unique Mutant Mouse Model
We have identified a unique transgene-induced mutation in the mouse line MLR19 that develops in utero megabladder that results in variable hydroureteronephrosis (Figure 1 ). The MLR19 transgene is a bovine sodium myoinositol co-transporter gene that is driven by a chimeric ␣〈-crystallin/␣B-crystallin promoter that is designed to direct transgene expression in the lens. During production of these mice, the MLR19 transgene randomly inserted into mouse chromosome 16 between 26.6 and 27.5 Mb ( Table 1 ). The transgene in conjunction with a portion of chromosome 16 then translocated into a second domain on chromosome 11, resulting in the development of megabladder in homozygotic mice (Figure 2 ). Two other independent transgenic lines that were made with the identical transgene construct, as well as several other transgenic lines that overexpress the same genes, did not exhibit the mgb phenotype. Breeding with C57BL/6 mice produced an identical phenotype in the F2 generation, indicating that the mgb phenotype does not depend strictly on the FVB/N genetic background.
At birth, homozygous megabladder (mgbϪ/Ϫ) male mice show obvious signs of severe bladder distension, exhibit a rapid pathologic progression, and rarely survive beyond 4 to 6 wk of age. In comparison, mgbϪ/Ϫ female mice show a much slower pathologic progression, developing overt megabladder much later in life. At E15, when the bladder phenotype first becomes evident, all other organ systems, including the kidneys, appear normal (Supplemental Figure 1) . Adult heterozygotic megabladder (mgbϩ/Ϫ) mice seem phenotypically normal. During the examination of 144 mgb offspring that resulted from interbreeding of two mgbϩ/Ϫ mice, we identified 32 wildtype ϩ/ϩ, 79 mgbϩ/Ϫ, and 33 mgbϪ/Ϫ (17 male and 16 female) using real-time PCR to determine transgene copy number (Table 2). These results indicate that the mgb phenotype is an autosomal recessive mutation with no gender bias.
mgb Mice Develop Megabladder and Hydroureteronephrosis
Analysis of adult mgbϪ/Ϫ mice revealed profound changes in bladder morphology, including severe distention and a dra- matic thinning of the bladder wall ( Figure 3, A and B) . The most striking histologic feature of the mgbϪ/Ϫ megabladder was its nearly complete lack of muscularis, whereas the lamina propria showed modest signs of regional disorganization and hypervascularization. Although occasional small regions of multilayered smooth muscle were observed, the majority of the bladder wall possessed no detectable smooth muscle. The mgbϪ/Ϫ mice routinely developed hydroureteronephrosis with severely distended ureters and kidneys that possessed a grossly distended renal pelvis and highly compressed parenchyma ( Figure 3 , C through F).
mgbϪ/Ϫ Mice Develop In Utero Megabladder
Analysis of E18 mgbϪ/Ϫ mice revealed the clear development of overt in utero megabladder in a subset of male and female mice (Figure 4 , A through C). In affected mgbϪ/Ϫ embryos, a gender-based difference in the progression of megabladder seemed apparent. Male E18 megabladders possessed a morphology similar to that observed in adult mgbϪ/Ϫ mice, in which the bladder was severely distended and thin walled and lacked any significant smooth muscle layer. In contrast, female E18 megabladders seemed to display a less severe morphologic phenotype, with a moderately distended bladder that possessed a thin but continuous ring of smooth muscle.
mgbϪ/Ϫ Mice Have Altered Bladder Smooth Muscle Development
Uroplakin staining indicated that urothelial development seemed normal in E15 mgbϪ/Ϫ mice (Supplemental Figure 2) . Even so, the luminal opening of mgbϪ/Ϫ bladders often appeared smaller than either control or mgbϩ/Ϫ bladders. This condition may reflect simply a sectioning artifact, as more "open" mgbϪ/Ϫ lumens are routinely observed. However, it also is plausible that luminal patency depends partially on the tensile strength that is generated by the developing detrusor smooth muscle, resulting in partial contraction of the urothelium and reduction of the luminal opening in the amuscular mgbϪ/Ϫ bladders.
We examined the initiation of smooth muscle development in E15 mgbϪ/Ϫ mice using ␣-smooth muscle isoactin expression as a marker of smooth muscle myoblast differentiation (Figure 4 , D through P). The mgbϪ/Ϫ bladders showed a lack of condensation of the peripheral mesenchyme, resulting in clusters of differentiating smooth muscle myoblasts separated by regions of undifferentiated mesenchyme, producing a highly disorganized presumptive muscle layer (Figure 4 , G through I). a Transgene copy number is represented as the relative quantification (RQ) PCR value and was used to genotype mice with wild-type mice that possessed zero copies of the MLR19 transgene, mgbϩ/Ϫ mice that possessed one copy of the MLR19 transgene, and mgbϪ/Ϫ mice that possessed two copies of the MLR19 transgene. All values represent an average of at least three independent experiments and were normalized to an internal glucagon control and calibrated to mgbϩ/Ϫ ϭ 1.0. No difference in the defect was observed between E15 male and female mgbϪ/Ϫ mice. It is interesting that E15 mgbϩ/Ϫ bladders displayed an intermediate smooth muscle phenotype with normal regions of mesenchymal compaction interspersed between slightly less compacted regions that seemed very similar to the mgbϪ/Ϫ bladder (Figure 4 , J through P). Identical muscle defects were observed using additional markers of smooth muscle development, including calponin ( Figure 5 ) and SM␣22 (Supplemental Figure 3) . Remarkably, smooth muscle differentiation seemed normal in the developing gastrointestinal, vascular, and respiratory tracts of mgbϪ/Ϫ mice, suggesting that the smooth muscle defect that is associated with mgb phenotype is bladder specific.
SRF, a key transcription factor that regulates smooth muscle development, including the expression of ␣-smooth muscle isoactin, calponin, and SM␣22, showed robust nuclear staining within smooth muscle cells of control bladders ( Figure 5 ). In contrast, the presumptive smooth muscle layer of the mgbϪ/Ϫ bladder possessed almost undetectable levels of SRF expression ( Figure 5 , K and L), whereas mgbϩ/Ϫ bladders showed mixed, intermediate levels of SRF expression ( Figure 5, G and H) . This observation suggests that the defect in mgbϪ/Ϫ bladders is upstream of the SRF signaling pathway.
In an effort to determine whether the mgbϪ/Ϫ bladder lacked proper development of the mesenchymal precursors that are necessary for the formation of bladder smooth muscle, we examined patched expression in E13 and E15 bladders ( Figure  6 ). The density of mesenchymal cells and the intensity of patched expression within the peripheral mesenchyme of the presumptive E13 mgbϪ/Ϫ bladder seemed normal when compared with control. In addition, the spatial shifting of patched expression from the peripheral mesenchyme to the underlying submucosal region of the developing urothelium was present at E15 in both normal and mgbϪ/Ϫ bladders. This analysis indicates that patched expression is regulated normally during mgbϪ/Ϫ bladder development, suggesting that the defect in mgb mice lies downstream of this signaling pathway.
Terminal deoxynucleotidyl transferase-mediated dUTP nickend labeling analysis indicated that no significant apoptotic signal was observed in E13, E18, and newborn control and mgbϪ/Ϫ bladders ( Figure 7) . In contrast, a five-to 10-fold increase in apoptosis was observed in E15 mgbϪ/Ϫ bladders versus control (Figure 7, C and D) . It is interesting that Ͼ90% of the apoptotic cells that were detected in E15 mgbϪ/Ϫ bladders were restricted to the presumptive muscle layer within the peripheral half of the developing mesenchyme. This observation provides a mechanism for the selective elimination of developing smooth muscle cells in mgbϪ/Ϫ bladders, potentially explaining their absence in the adult.
Urine Output in mgbϪ/Ϫ Mice
In general, no significant differences in mean water intake and mean urine output were observed between mgb genotypes; however, two exceptions were noted ( Figure 8A ). First, one female mgbϩ/Ϫ mouse displayed polydipsia and polyuria, drinking more than three times as much water and producing more than 10 times as much urine as her genetic counterparts. Second, none of the age-matched mgbϪ/Ϫ weanlings examined produced any measurable urine output as detected by the metabolic cage. Because of the severity of their condition, only Figure 4 . Homozygotic mgb mice develop in utero megabladder by embryonic day 18 (E18), resulting from a defect in bladder smooth muscle development. Representative ␣-smooth muscle isoactin expression indicated by brown immunohistochemical staining in E15 and E18 male (M) and female (F) control (A, D, G, H, J, and M), mgbϩ/Ϫ (K, N, and O), and mgbϪ/Ϫ (B, C, E, F, I, L, and P) bladders (Bl), umbilical artery (UA), and intestine (I). AT E15 (D through F), incomplete smooth muscle differentiation is observed in mgbϪ/Ϫ bladders (E and F) versus control (D), whereas equivalent normal staining of ␣-smooth muscle isoactin is apparent in the developing intestine (I) and umbilical artery (UA) of all three mice. Note the clearly demarcated ring of condensing mesenchyme in control bladder (H, arrows) that shows robust ␣-smooth muscle isoactin staining in these cells (G, arrows) versus the lack of condensing mesenchyme in the mgbϪ/Ϫ bladder that showed diffuse, poorly organized ␣-smooth muscle isoactin staining (I, arrows). The umbilical artery in the same section shows normal ␣-smooth muscle isoactin staining when compared with the control (I versus G). The variability in thickness and density of ␣-smooth muscle isoactin staining in each genotype (J through L, arrows) suggests the presence of an intermediate phenotype in mgbϩ/Ϫ mice. The intermediate mgbϩ/Ϫ muscle phenotype is obvious showing regions similar in appearance to control (N versus M) as well as mgbϪ/Ϫ (O versus P) developing smooth muscle layers. Magnifications: ϫ50 in A through F; ϫ400 in G through I; ϫ200 in J through L; ϫ1000 in M through P. one male mgbϪ/Ϫ weanling survived the 24-h testing period. In an effort to characterize further the potential urine output of these mice, we performed percutaneous drainage of male mgbϪ/Ϫ bladders, removing an average of 10 to 15 ml of urine. Within 1 to 2 h of drainage, male mgbϪ/Ϫ bladders completely refilled with urine, suggesting the presence of severe concentration defects in these mice.
Because the male mgbϪ/Ϫ mice that were examined in the metabolic study expressed no detectable urine, we performed cystometry on live mice in an effort to determine whether the urethra was occluded. Consistent with our morphologic studies, baseline cystograms showed grossly enlarged, trilobular bladders in mgbϪ/Ϫ mice versus normal controls (Supplemental Figure 4) . When contrast reagent was reservoir fed into the male mgbϪ/Ϫ bladder, it resulted in the extrusion of liquid through the urethra, suggesting that the male urethra is patent when sufficient fluid backpressure is generated within the mgbϪ/Ϫ bladder.
mgbϪ/Ϫ Mice Develop Altered Serum Chemistry
In an effort to determine the degree of renal insult associated with the mgb phenotype, we performed blood chemistry profiles on 30 mgbϪ/Ϫ, 17 mgbϩ/Ϫ, and 12 wild-type female mice and 30 mgbϪ/Ϫ, 23 mgbϩ/Ϫ, and 16 wild-type male mice (Figure 8 , B through E). Nine key blood chemistry parameters were examined for each mouse, including blood urea nitrogen (BUN), creatinine, phosphorus, calcium, sodium, potassium, chloride, bicarbonate, and albumin. No statistically significant alterations in serum blood chemistry were observed between wild-type and female mgbϩ/Ϫ and mgbϪ/Ϫ mice. In contrast, statistically significant increases in BUN, creatinine, calcium, and potassium were observed in male mgbϪ/Ϫ mice when compared with controls. It is interesting that male mgbϩ/Ϫ mice also showed a statistically significant increase in potassium as well as chloride even though they seemed phenotypically normal.
Because the development of renal insult in mgbϪ/Ϫ mice is variable over time, the serum chemistry values displayed a wide range of variance, depending on the precise disease state of the mouse examined. At any given time point, individual mgbϪ/Ϫ mice may show highly significant differences in serum chemistry values when compared with controls. However, when these values were averaged over multiple mice, their statistical significance was lost. Even so, we were able to identify a subset of eight male and four female mgbϪ/Ϫ mice that all displayed bicarbonate levels Ͻ5.0 and routinely had dramatically increased BUN and creatinine levels (Tables 3 and 4) . Parenthetically, these same mice often were noted as terminally sick mice that had to be killed within 24 to 48 h of serum sampling. Of the mgbϪ/Ϫ mice identified in this pool, eight had grossly evident signs of severe hydronephrosis, whereas the other four were not recorded. It is interesting that in a statistical analysis of all nine blood chemistry parameters examined for an individual mouse, a sum of the observed changes in BUN, creatinine, and bicarbonate generated a "disease state" marker that successfully identified these 12 mgbϪ/Ϫ mice as the most severely effected mice within this study.
Discussion
In this study, we identified a unique mutant mouse model that develops in utero megabladder. Histologic analysis revealed profound changes in bladder morphology, the most striking feature of which was a lack of detrusor smooth muscle in the adult bladder. Previous studies indicated that bladder smooth muscle differentiates in the peripheral half of the mesenchyme at approximately E15 in the mouse and is marked initially by mesenchymal compaction followed by the appearance of ␣-smooth muscle actin-positive myoblasts within the condensing mesenchyme (14) . Short-axis patterning in the bladder smooth as well as other smooth muscle tissues is controlled by reciprocal epithelial-mesenchymal induction that involves the expression of the hedgehog family of proteins, patched receptor, Gli family of proteins, and bone morphogenic protein family of proteins (11, (15) (16) (17) (18) (19) (20) (21) . The later progression of smooth muscle myoblasts to fully differentiated myocytes is mediated by the cooperative expression of SRF and myocardin within the developing smooth muscle cells (22) (23) (24) (25) .
The lack of overt mesenchymal compaction in mgbϪ/Ϫ bladders suggests that the defect in these mice involves the early stages of short-axis patterning of the developing bladder. However, analysis of patched 1 receptor expression indicated normal patterning of mgbϪ/Ϫ bladder mesenchyme during the initial stages of smooth muscle development. Because patched expression is regulated directly by sonic hedgehog expression (11), these results suggest that this critical signaling pathway is functional in mgbϪ/Ϫ bladders. Even so, the developmental complexity of short-axis patterning would provide many additional targets for disruption in the mgbϪ/Ϫ mouse, and studies are under way to investigate these additional signaling pathways.
The expression of three distinct markers of smooth muscle differentiation was disrupted in mgbϪ/Ϫ bladders, as was the expression of SRF, a key transcription factor that regulates the expression of each of these genes. This disruption in the developmental progression from smooth muscle myoblast to smooth muscle myocyte was tissue specific, indicating that this developmental program was altered selectively in mgbϪ/Ϫ bladders. The presence of small clusters of differentiating smooth muscle myoblasts within mgbϪ/Ϫ bladders suggests that smooth muscle differentiation was capable of initiating in these mice, further supporting the observation that short-axis patterning is at least partially functional in these mice.
Previous studies indicated that the progression of smooth muscle development from myoblast to myocyte requires the close association of differentiating smooth muscle cells (26, 27) . Because mgbϪ/Ϫ bladders seem to initiate smooth muscle myoblast formation in the absence of mesenchymal compaction, it seems plausible that smooth muscle development within the mgbϪ/Ϫ bladder is abrogated at the myoblast stage. This hy- Figure 7 . Homozygotic mgb bladders show an increase in cell death within the mesenchymal compartment at E15. Representative terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling staining indicated by white dots in E13, E15, E18, and newborn (NB) control (A, C, E, and G), and mgbϪ/Ϫ (B, D, F, and H) presumptive bladders (PBl), bladder (Bl), umbilical artery (UA), and intestine (I). Note lack of significant apoptotic signal in E13, E18, and NB control (A, E, and G) and mgbϪ/Ϫ bladders (B, F, and H) compared with an increase in apoptotic signal in the peripheral half of E15 mgbϪ/Ϫ mesenchyme (D) versus control (C).
pothesis is supported by a selective increase in apoptosis within the muscular compartment of developing E15 mgbϪ/Ϫ bladders, which suggests that smooth muscle myoblasts may be undergoing cell death before overt smooth muscle myocyte differentiation can occur, resulting in their selective loss from the mgbϪ/Ϫ bladder.
The bladder specificity of the mgbϪ/Ϫ defect is remarkable when one considers that smooth muscle differentiation in the developing gastrointestinal tract, respiratory tract, and vasculature system of these mice seems perfectly normal. Previous studies showed that the pattern of smooth muscle differentiation in the developing bladder is distinct from that observed in other developing smooth muscle tissues, suggesting that the inductive signals that are responsible for detrusor smooth muscle differentiation may be unique (14) . This observation provides a potential mechanistic platform for the bladder specificity of the defects that are observed in mgbϪ/Ϫ mice.
The poor initiation of smooth muscle development within the mgbϪ/Ϫ bladder leads to the formation of a nonfunctional, amuscular bladder in the adult. This congenital defect in bladder smooth muscle development produces the functional equivalent of a lower urinary tract obstruction in mgbϪ/Ϫ mice, which results in the development of variable hydroureteronephrosis and renal insufficiency secondary to this condition. The severity of this condition is variable between mice, with a subset of mice developing in utero megabladder and hydroureteronephrosis as early as E18. Male mgbϪ/Ϫ mice consistently show a faster progression and more severe presentation than female mgbϪ/Ϫ mice. Serum chemistry data support this observation indicating that male mgbϪ/Ϫ mice possess increases in BUN and creatinine levels that are consistent with the rapid development of renal insufficiency, whereas female mgbϪ/Ϫ mice do not. Even so, individual female mgbϪ/Ϫ mice can show increases in BUN and creatinine levels at later ages, resulting in a similar pattern of renal insufficiency at that time. The combined assessment of BUN ϩ creatinine ϩ bicarbonate alone provided a unique prognostic marker set that unambiguously identified mice that were in the terminal stages of renal failure.
In addition to overt signs of renal failure, a subset of mgb mice had other findings similar to patients with obstructive uropathy. For instance, mgbϩ/Ϫ male mice had significantly higher serum potassium and chloride levels, consistent with the development of type IV hyperkalemic renal tubular acidosis. In addition, one mgbϩ/Ϫ female mouse also clearly developed polyuria and polydipsia. Finally, after percutaneous drainage, mgbϪ/Ϫ bladders rapidly refilled with 10 to 15 ml of urine, consistent with the development of polyuria. Taken together with the serum chemistry data, these findings suggest that mgb mice represent an excellent model for the study of obstructive uropathy.
The basis for the gender difference in viability between mgbϪ/Ϫ mice remains to be determined. Clearly, this difference in longevity could have a genetic basis involving either the mgb gene locus or other potential modifying loci. That female mgbϪ/Ϫ mice display a less severe bladder phenotype in utero may support this hypothesis. However, it also is plausible that the mgb phenotype is complicated by gender differences in anatomy. The urethra is significantly longer and more complex in the male mouse. This alone may hinder male mgbϪ/Ϫ mice from expressing sufficient quantities of urine after the development of megabladder, resulting in a faster disease progression. Morphologic evidence and serum chemistry data support this observation, because most female mgbϪ/Ϫ mice do not seem to develop as severe hydronephrosis or chronic renal failure as that observed in male mice.
To date, few genetic models of lower urinary tract obstruction have been described; however, congenital and postnatal hydronephrosis were reported previously in several mouse lines. A recessive mutation, known as congenital progressive hydronephrosis, that results in ureteropelvic obstruction has been reported in inbred C57BL/6J mice (28) . ADAMTS-null mice also have been reported to develop hydronephrosis as a result of ureteropelvic blockage (29) . Hydronephrosis also has been observed as a hereditary condition in male C57BL/KsJ mice, whereas mice that are deficient in the lysosomal membrane protein LIMP-2/LGP85 develop hydronephrosis that is Blood chemistry values were correlated with gross kidney morphology for terminally ill mice that demonstrated a decrease in bicarbonate of Ͻ5.0 and/or dramatic increases in blood urea nitrogen (BUN) and creatinine. Genotypes recorded included 0-to 2-wk-old, 3-to 4-wk-old, and 5ϩ-wk-old mgbϪ/Ϫ male (HMM) mice. Blood chemistry values are shown as statistically increased (bold) or decreased (italic) from normal (plain). Hydronephrosis was graded as slight (ϩ), moderate (ϩϩ), or severe (ϩϩϩ). ND, not done; -error value recorded. A summation of the changes observed in BUN, creatinine, and bicarbonate provided the best prognostic marker of terminally ill mice. Blood chemistry values were correlated with gross kidney morphology for terminally ill mice that demonstrated a decrease in bicarbonate of Ͻ5.0 and/or dramatic increases in BUN and creatinine. Genotypes recorded included 0-to 2-wk-old, 3-to 4-wk-old, and 5ϩ-wk-old mgbϪ/Ϫ female (HMF) mice. Blood chemistry values are shown as statistically increased (bold) or decreased (italic) from normal (plain). Hydronephrosis was graded as slight (ϩ), moderate (ϩϩ), or severe (ϩϩϩ). A summation of the changes observed in BUN, creatinine, and bicarbonate provided the best prognostic marker of terminally ill mice. associated with a demyelinating peripheral neuropathy (30, 31) . Transgenic mice that overexpress human chorionic gonadotropin develop functional urethral obstruction that is associated with enlargement of prostates and seminal vesicles (32) . None of the defects that are observed in these mice is similar to the mgbϪ/Ϫ phenotype, suggesting that the mgbϪ/Ϫ mouse is a unique transgenic model.
Conclusion
It is our working hypothesis that mgbϪ/Ϫ mice develop megabladder as a result of a tissue-specific defect in detrusor smooth muscle differentiation during embryonic development. The mgbϪ/Ϫ mouse therefore provides an exciting and unique resource for the examination of the basic cellular, molecular, and genetic mechanisms that are associated with bladder and lower urinary tract development and function in vivo. Although the mgbϪ/Ϫ mouse does not possess posterior urethral valves, the condition that is associated most commonly with lower urinary tract obstruction in children, the lack of smooth muscle development that is associated with the mgbϪ/Ϫ bladder produces the functional equivalent of an in utero lower urinary tract obstruction in mice. As a result, mgbϪ/Ϫ mice represent an excellent model of the subsequent pathologic events that are associated with posterior urethral valves, providing us with the first genetic model to study these events in vivo. It is important to note that the functional utility of the mgb mouse as a model of in utero lower urinary tract obstruction is independent of the identification of the gene loci that are responsible for the bladder defects that are observed in these mice. Continued studies of the mgbϪ/Ϫ mouse will enhance our understanding of urogenital development and pathogenesis, permitting the evaluation of pharmacologic, surgical, and gene therapy strategies to prevent and treat diseases that are associated with the bladder and the kidney.
